Abstract: In this paper, we propose a novel and simple method to generate millimeterwave vector signals using only one phase modulator (PM) and phase-precoding technique, in which the precoded microwave vector signal is used for the drive of the single PM. We experimentally demonstrate that this concept of the generation of quadraturephase-shift-keying-modulated vector signal can be employed in our radio-over-fiber (RoF) system architecture based on our proposed scheme. By this scheme, we simplify the configuration and reduce the cost of the RoF system.
Introduction
Radio-Over-Fiber (RoF) technology can not only transmit a great deal of high-speed data, but also can overcome the limitation of electronic bottleneck of traditional wireless communication. Optical millimeter-wave (mm-wave) generation techniques are vital for RoF system. Recently, a few new schemes for realizing low cost and high transmission performance ROF systems are reported. One of them is proposed to generate high-repetitive frequency mm-wave based on remote heterodyning. Remote heterodyning, which is typically enabled by the beating of two free-running lightwaves in a photodiode (PD), is simple and cost effective, but the generated mm-wave frequency is not stable due to unlocked frequency and may not be applicable in some special cases [1] - [4] . Another of them is based on external intensity modulator or phase modulator by using low-cost radio frequency (RF) signal at low-frequency and low bandwidth external modulator, which can offer more stable mm-wave carrier than remote heterodyning [5] - [11] . Furthermore, external modulator combined with frequency multiplication technology can generate high frequency millimeter wave. However, a control electrical circuit is needed to optimize the dc bias added to the external intensity modulator and symmetrical radio frequency (RF) signals to obtain high-quality millimeter-wave signals, and therefore, it makes the transmitter complicated. Relative to the intensity modulator, the phase modulator has a smaller insertion loss, and no electrical control circuit is needed for dc bias, because it does not suffer from the dc bias-drifting problem. Therefore the generated optical millimeter-wave signal by phase modulator has higher optical signal-to-noise ratio (OSNR), higher stability and a larger margin. Reference [12] showed that a dual-parallel Mach-Zehnder modulator (MZM) and photonic vector signal modulation was used to generate mm-wave. Vector signal modulation can be well combined with digital coherent detection and efficiently improve spectral efficiency and receiver sensitivity, but the dual-parallel MZM has the same problems with the external intensity modulator. Moreover, the dual-parallel MZM is more expensive relative to a single modulator.
In this paper, we propose a novel and simple method to generate mm-wave photonic quadrature-amplitude-phase-shifting (QPSK)-modulated vector signal using only one phase modulator. We experimentally demonstrate that the photonic QPSK-modulated vector signal generation at W-band adopting photonic frequency octupling (x8) based on our proposed scheme can be employed in our RoF architecture.
Principle of Photonic Vector Signal Generation at
Microwave/mm-Wave Bands Fig. 1 illustrates the principle of photonic vector signal generation at mm-wave bands based on frequency multiplication technique. In the system, a pseudo-random binary sequence (PRBS) sequence is QPSK mapped. The generated QPSK signal is precoded based on phase information, and then the I and Q branches of the QPSK phase-precoding signal are up-converted into two intermediate-frequency (IF) signals at f s by mixing with two sinusoidal RF signals with quadrature phase at f s , respectively. The summation of the two IF signals is the desired electrical vector signal. The photonic vector signal is generated by a phase modulator driven by the electrical vector signal. Assume that the continuous-wavelength (CW) lightwave at f c in the system can be expressed as
where A laser and f c are the amplitude and frequency of the CW lightwave at f c , respectively. The electrical vector signal at f s can be expressed as where A driver , f s , and ' are the amplitude, frequency and phase of the electrical vector signal at f s , respectively. The generated optical vector signal from the PM can be expressed as
where J k is the first kind Bessel function of order k, p ¼ V driver =V is the modulation index of the PM, and V is half-wave voltage of the PM. Thus, in (3), the optical signal of the output of PM can be represented as the optical central carrier and the optical sidebands. The amplitude of optical central carrier and the optical sidebands is proportional to their Bessel function of order k ðJ k Þ. According to the nature of the Bessel function, the J k declines with increasing k when p is fixed. The signal discrete spectrum after the PM is shown in Fig. 1 (b). Equation (3) also shows that the phases of two optical subcarriers separated in frequency by 2kf s are orthogonal. Because the PD conversion follows the square-law rule, the output currentof the PD for the optical sidebands with orthogonal phase is direct current signal and can be expressed as
where R is the conversion efficiency of the PD. So when two optical subcarriers areselected as carrier of system, the selected two optical subcarriers must be in the same order, or the two optical subcarriers are separated in frequency by 2kf s . In the transmission system, two optical subcarriers with 2kf s frequency spacing are selected by a wavelength selective switch (WSS) as carrier of transmission system. The signal spectrum after WSS is shown in Fig. 1(c) and the signal after WSS can be expressed as
Then the photonic vector signal after WSS is converted into electrical mm-wave signal by a PD, and the outputcurrent of the PD can be expressed as
We can see from (6) that the frequency and phase of signal after PD is 2k times that of the electrical vector signal for the drive of the PM. So the phase of phase-precoding signal should be 1/2k of that of regular QPSK signal, to ensure that the signal after PD can be restored to regular QPSK mm-wave signal. In our experimental system, we use frequency-octupled modulation, and select two fourth-order modes as carrier. The wavelength spacing between the two fourthorder modes is 8 f s , and therefore the phase of phase-precoding signal is 1/8 of that of regular QPSK signal.The constellations of the regular QPSK signal and QPSK phase-precoding signal are shown in Fig. 1(d) and (e), respectively. Similarly, when other two odd-order or even-order optical sidebands with 2kf s frequency spacing are selected as carrier, the phase of phase-precoding signal is 1/2k ofthat of regular QPSK signal.
Transmission System Setup and Results for the Photonic QPSK-Modulated Vector Signal Transmission at W-Band
Adopting Photonic Frequency Octupling (x8) Fig. 2 shows the transmission system setup for photonic QPSK-modulated vector signal transmission at W-band adopting photonic frequency octupling (x8). In the transmission system, the tunable external cavity laser (ECL) used as an optical source has a linewidth of about 100 kHz and a central operating wavelength of 1565.41 nm with the average output power of 13.54 dBm. The electrical QPSK-modulated precoded vector signal at 11 GHz is generated offline with MATLAB programming just as discussed in Section 2, and then uploaded into a commercial arbitrary waveform generator (AWG). The process for the generation of the QPSK-modulated vector signal is shown in Fig. 1(a) . The adopted PRBS length is 2 12 . The sample rate of the AWG is 24 GSa/s, and the rate of the phase-precoding QPSK signal is 500 Mbaud or 1 Gbaud. Then the generated QPSK-modulated vector signal is amplified by an electrical amplifier (denoted by EA1) with 30-dB gain and 12-GHz 3-dB bandwidth. The amplified electrical QPSK-modulated vector signal drives a phase modulator to generate photonic vector signal. The phase modulator has 3-dB bandwidth of $20 GHz, the half-wave voltage V of 2.4 V and 4-dB insertion loss. The optical spectrum after PM is shown in Fig. 2(a) , and the power of the light after the PM is about 9.18 dBm. We selected the two fourth-order sidebands as optical mm-wave carrier by a 1 Â 4 WSS with a 10-GHz grid and 7-dB insertion loss. These two selected fourth-order optical subcarriers have the same amplitude and carry phase information. The frequency of optical mm-wave carrier is 88 GHz, and the power of the mm-wave signal after WSS is À8.93 dBm. Then the mm-wave signal is amplified by an Erbium-doped fiber amplifier (EDFA), and the power of the mm-wave signal after EDFA is 8.55 dBm. The optical spectra of the mm-wave signal after EDFA are shown in Fig. 2(b) . Then the optical mm-wave vector signal is detected by a high-speed PD (90-GHz 3-dB bandwidth). The converted electrical mm-wave vector signal is amplified by EA2 with a narrowband bandwidth of 100 GHz centered at 90 GHz, 23-dB gain and 4-dBm saturation output power. Then the 88-GHz electrical mm-wave vector signal is sent into wireless link by a W-band horn antenna (HA). After 1-m wireless transmission, at the W-band receiver, the electrical mm-wave vector signal is received by another identical HA. The electrical mm-wave vector signal is down-converted into 4.5-GHz electrical IF signal in the analog domain by using an electrical mixer with the electrical LO, which is an 83.5-GHz sinusoidal RF signal. The measured electrical spectrum centered on 4.5-GHz IF after analog-to-digital conversion is shown in Fig. 2(c) . Though the received mm-wave frequency is stable, residual frequency offset caused by the frequency drift of the electrical LO still exists in the IF signal. The value is about 15 MHz in the experiment. Then the electrical IF vector signal passes through a low-noise electrical amplifier (denoted by EA3). The 4.5-GHz IF vector signal is sampled by a digital oscilloscope (OSC) with 40-GSa/s sampling rate and 16-GHz electrical bandwidth. The captured data is then post-processed by advanced digital signal processing (DSP), which includes down conversion, constant modulus algorithm (CMA) equalization [13] , residual frequency offset estimation (FOE) based on the 4-th power method [14] , carrier phase estimation (CPE) based on the Viterbi-Viterbi method [15] , differential decoding and bit-error-ratio (BER) calculation. Fig. 3(a) shows the BER versus the launched optical power into PD and the corresponding constellations with different transmission rates of 0.5 and 1 Gbaud after 1-m wireless delivery, respectively. The BER of the transmission system can reach the forward-error-correction (FEC) threshold of 3:8 Â 10
À3 . The BER performance for the 1-Gbaud QPSK-modulated vector signal is worse than that ofthe 0.5-Gbaud one, which is because of the limited bandwidth of the AWG and the WSS. If the bandwidth of the AWG could be wider and the filtering effect of the WSS could be smaller, the transmission system could transmit higher rate signals and have better BER performance. Because the AWG used in our experiment is Tektronix AWG7122C with about 5-GHz 3-dB bandwidth and 24-GSa/s maximum sample rate, which can generate RF/ microwave signals with a maximum frequency of 12-GHz. The frequency of electrical QPSKmodulated vector signal in our experiment is 11 GHz, for which only 1-GHz AWG bandwidth is remained, so the maximum transmission rate of vector signal is 1-Gband. If the bandwidth of the AWG could be wider, the transmission system could transmit higher rate signals. If the filtering effect of the WSS is better, the desired optical sidebands will be higher and purer. That is, the power of the desired optical sidebands is higher and the power of unwanted neighboring sidebands is lower, and thus the interference from unwanted neighboring sidebands will be further reduced. If the bandwidth of the AWG is wide enough and the filtering effect of the WSS is good enough, the vector mm-wave signal can be considered as an ideal one. In our experiment, the W band horn antenna (HA)is with 25-dBi gain, 10 degree half-power-beamwidth, and an aperture size of 2.6 cm Â 2 cm. According to the Friis transmission equation, we estimate the received power for a given transmit power P T , the gains of antennas, and the transmission distance d. The received power P R is given by
where is the transmission wavelength, G T and G R are the transmit and receive antennas gain respectively, L F is the loss of antennas feedline, and L A is the atmospheric loss factor. L A at W band is 0.5 dB/km [16] . For the transmission distance of several meters, the atmospheric loss can be ignored. In our experiment, P T is À4 dBm, G T and G R are both 25 dBi, and L F is 3 dB, which results in the predicted received power of À44 dBm over a range of 6 m at an 88-GHz center frequency. Fig. 3(b) shows the photo of the transmission system.
Conclusion
We have theoretically and experimentally investigated a novel scheme for photonic QPSKmodulated vector signal generation at mm-wave bands enabled by a single PM and phaseprecoding technique. The electrical vector signal is generated by phase-precoding technique and up-conversion, and the photonic phase-precoding QPSK-modulated vector signal is retrieved to the regular QPSK mm-wave signal by square-law PD detection. By this proposed scheme and method, we simplify the configuration and reduce the cost of the RoF system. Our experimental results show that the QPSK modulated electrical vector signal at 88 GHz with up to 1-Gbaud transmission rate can realize 1-m wireless delivery with a BER less than the FEC threshold of 3:8 Â 10 À3 .
